Background: Clustering phenomena in N = Z nuclei provide an opportunity to understand the interplay between cluster and nucleon degrees of freedom.
I. INTRODUCTION
The concept of α-clustering has been successfully applied to explain multiple features in the nuclear spectrum. In particular, a number of known structure peculiarities in light N = Z even-even nuclei such as 8 Be, 12 C, 16 O, and 20 Ne, is associated with clustering.
The most striking are the inversion doublet quasi-rotational α-cluster bands [1] , as shown in Fig. 1 . All members of these bands that have excitation energies above the α-decay threshold, posses α-reduced widths close to the single particle limit, indicating their extreme α-cluster character. Extensive experimental and theoretical studies [1] [2] [3] [4] [5] [6] [7] [8] have suggested an interpretation of these bands as well developed α+core structures.
It has proven to be far more difficult to study clustering phenomena in non-self-conjugate, N = Z nuclei because the "extra" nucleons introduce additional degrees of freedom which may modify, create, enhance or destroy cluster structures. In addition experimental studies require a more complicated analysis due to the presence of low-lying nucleon decay channels and a higher level density than in N = Z, even-even nuclei.
In N = Z, even-even nuclei the α-decay threshold is usually lower in energy than the nucleon decay threshold. However, for N = Z nuclei like 18 O the energy thresholds for neutron and α-decay are close (in the mirror nucleus, 18 Ne, both the proton and the twoproton thresholds are below the α-threshold), so one can expect that the decay properties of the states with both large and small α-widths in N = Z nuclei also contain information on the nucleon widths. The closeness of the decay thresholds for N = Z nuclei allows one to explore the interplay between the single nucleon and cluster degrees of freedom.
Several different theoretical approaches were developed to describe the cluster and single particle phenomena simultaneously. The Antisymmetrized Molecular Dynamics (AMD) [9] and Fermionic Molecular Dynamics [10] approaches were particularly successful. Within these frameworks clustering emerges from nucleon-nucleon interactions without the need to introduce clusters a priori. The ab initio, Green's Function Monte Carlo (GFMC) calculations were also successful in reproducing clustering for the ground state of 8 Be(g.s.) 17]. However, purely algebraic models lack configuration mixing and are not expected to describe complex spectroscopy of states such as those in 18 O with two valence neutrons.
The emergence of clustering in large scale shell model calculations is also of interest.
Ideally, the complete shell model basis with the inclusion of the reaction continuum is sufficient for the description of the cluster structures in a nucleus. However, practically, it is often necessary to restrict the basis of the shell model wave functions, thus losing a large fraction of the α-cluster components. For example, recent ab initio calculations [18] show difficulties in obtaining a correct excitation energy for the well known α-cluster second 0 The goal of this paper is to examine the structure of 18 O using detailed R-matrix analysis of the 14 C+α elastic scattering excitation functions and to examine the results using shell model. In our work we use Cluster-Nucleon Configuration Interaction Model (CNCIM) [19] , which represents the latest developments of the shell model approach to clustering.
There have been many experimental efforts to study the α-cluster structure of 18 O using different approaches . These experiments are sensitive to cluster states of different energy, spin, width and configuration to various degree, thus they contributed valuable complimentary experimental information. The detailed R-matrix analysis of the 14 C+α elastic scattering excitation functions over a wide range of energies is performed here for the first time, and summarizes several years of activity. The same experimental setup and analysis techniques are used in this work as in [40] . The beam energy used here is higher than in [40] in order to study the excitation function for 14 C+α at higher energies.
II. EXPERIMENT AND ANALYSIS
The experiment was performed at the Florida State University, John D. Fox Superconducting Linear Accelerator facility. The Thick Target Inverse Kinematics (TTIK) technique was used to measure the 14 C+α elastic scattering excitation function [41, 42] . In this approach helium gas is used as the target and the 14 gas target occurs, the α particle gains kinetic energy from the projectile and propagates forward. Specific energy loss of the α-particle is much smaller than that of 14 C, which allows the α-particle to emerge from the target with little energy loss. The energy spectrum of the α-particles measured by the detectors, also placed in the target gas, would then reflect the 14 C+α excitation function. This technique allows one to measure a large range of excitation energies without the need to change the initial energy of the beam, making the experiment more efficient and less time consuming. There is also the additional benefit of not having to use a radioactive 14 C target. The 14 C beam was produced by an FN Tandem Van de Graaff accelerator using a special 14 C SNICS-II cesium-sputter ion source. The 14 C beam of 42 MeV energy was sent into a chamber filled with 99.9% pure helium gas ( 4 He).
To monitor the beam quality and alignment during the run a gold foil was used before the entrance window, where elastic scattering was measured by silicon detectors arranged symmetrically with respect to the beam axis. The entrance window of the chamber was covered with a 1.27 µm Havar foil. In a conventional experiment (with thin target) it is usually easy to measure the intensity of the beam using a Faraday cup. In the thick target approach it is not possible, since the beam ions stop inside the target. Therefore, the intensity of the incoming beam was determined using elastic scattering of the beam ions from the Havar entrance window as measured by a monitor detector taking into account each of the components of the Havar foil. The monitor detector was placed at 15 degrees, 22 cm away from the entrance window. The experimental setup is shown in Fig. 2 . The accuracy of the absolute normalization is 15%. An array of silicon detectors was placed inside the chamber at angles ranging from 0 to 80 degrees to detect the recoiling α-particles.
Excitation functions covering the excitation energy region of 8-14.9 MeV were measured at 17 different angles.
The spectra of α-particles measured in the laboratory frame have to be converted into c.m.
excitation functions for further analysis. Because of the extended gas target the scattering angle is not fixed and has to be calculated from the energy of the recoil α-particle and the known location of the detectors. The energy loss of an α particle and the solid angle also depend on the location of interaction point and have to be calculated for each energy bin in the measured spectrum. This is done using a code which takes into account the relevant experimental conditions. Details of the procedure can be found in [43] .
Monte Carlo simulations based on the GEANT 3.21 library were performed in order to evaluate the dependence of the experimental energy resolution on the c.m. energy and scattering angle, and also to correct for the detector mount shadow effects in the calculation of the absolute cross section.This information was used in a convolution of the R-Matrix calculations.
The excitation functions were analyzed using a multi-level, multi-channel R-Matrix approach. The details of the R-Matrix analysis can be found in Refs. [44, 45] . The results are presented by quoting the quantum numbers and energies of the resonances together with the partial decay width Γ c for every open channel. The width is also expressed via the dimensionless reduced width parameter θ 2 , which represents the ratio of the observed decay width relative to the single-particle limit. This dimensionless reduced width was compared with spectroscopic factors from theoretical calculations. MeV the inelastic channel 14 C(α,α ) is also open. It is not possible to distinguish between the α-particles coming from elastic and inelastic reactions in this specific realization of the TTIK approach. Due to the negative Q-value for the inelastic scattering (-6.1 MeV) the recoiled α-particles from inelastic events would have significantly smaller energy than the elastically scattered α-particles from the same location in the target, and would show up in the elastic scattering spectrum as background at low energies. A direct comparison with the low energy data from the previous experiment [40] , performed at 25 MeV, where the inelastic channel was not open, showed no evidence of inelastic contribution.
A total of fifty-four resonances were used to fit the data. The excitation function at 180
• in the c.m. for the entire energy range measured in this experiment is shown in Fig. 3 .
Detailed description of the observed spectra is given in the next section. This section contains a detailed discussion of the properties of the states in 18 O extracted from the experimental data of this work. Also, the results are compared to the available data from previous experimental studies. The discussion is structured according to the excitation energies of the resonances, which are grouped into 1 MeV intervals.The experimental data are used for calculating the dimensionless reduced α and nucleon widths, which are defined as ratios of the corresponding reduced widths to the corresponding single particle limit (γ 2 /(h 2 /µR 2 )). Here µ and R are, respectively, the reduced mass and channel radius for the corresponding decay channel (5.2 fm for α decay and 4.6 fm for nucleon decay).
A. Resonances in the excitation energy range between 8.0 MeV and 9.0 MeV
The lowest excitation energy state that is clearly visible in the measured excitation function is the known 1 − state at 8.0378(7) MeV [46] . This is a narrow state with a width significantly smaller than our experimental resolution (≈40 keV at 1. 
keV was determined. The result of this work is in fair agreement with that of [21] and the upper limit for the width given in [46] . This width corresponds to the α dimensionless reduced width of only θ 2 = 0.02, so that this state does not have a strong overlap with the 14 C(g.s)+α configuration. This finding contradicts previous suggestions made in [23, 47] that this state might be the band head of the negative parity, inversion doublet, α-cluster quasi-rotational band.
Four more states are observed in the 8 to 9 MeV excitation region (Fig. 4) . The 8.213 (4) MeV 2 + state is a well known narrow state [46] that is above the neutron decay threshold and has been observed in the 14 C(α,n) reaction [29, 30] . In [29] the state was observed at 8.223 MeV with a width of 1.6(10) keV, and in [30] the state was located at 8.217 MeV with a width of 1(1) keV, but spin and party were not assigned to it. The inverse reaction 17 O(n, α) has also been studied in [31] , where the 2 + state was found at 8.213(4) MeV with width of 2.26 (14) keV. In the 14 C(α,α) elastic scattering studied by [38] A 3 − state is observed at 8.290(6) MeV with a width of 8.5 (9) keV. This is the dominant feature in the 14 C(α,n) spectrum and also is prominent in the 14 C(α,α) excitation function.
The properties of this state can be constrained reasonably well from these two data sets.
We determine that this state has a significant dimensionless α reduced width of 0.18 and is the only 14 C(g.s.)+α cluster state in the 8-9 MeV region. It was observed earlier in [29, 38] at 8.293 MeV with a width of 10(1) keV and 7.7(9) keV respectively. In [30] [29, 38] and in fair agreement with [30] , but disagree with the neutron and α-partial widths determined in [31] .
The partial α width is 2.9(2) keV and the neutron width is 5.6(7) keV here, whereas in [31] the partial α width and neutron width were 13.661(416) keV and 1.08(2) keV, respectively.
When the parameters from [31] are used in the analysis, the 14 C(α,n) spectrum is still well reproduced but the 14 C(α,α) spectrum is not. This state can also be seen as the first peak shown in Fig. 5 within the large error bars of [21] . This state also has a smaller width when compared to [39] . However, the analysis in [39] does not take into account interference with other states, which can lead to overestimation of the width. The width of the state is dominated by the partial α-width and it has a dimensionless α reduced width is θ 2 α =0.20. While it is a factor of two smaller than in [21] , it is still large enough for the state to be considered as a strong cluster state with 14 C(g.s)+α configuration. Fig. 5 (a,b) . The dashed curve in Fig. 5 shows the R-Matrix fit without the inclusion of this 1 − state.
Two 3
− states are observed in this energy region. The first one at 9.35(2) MeV is a dominant α-cluster resonance and makes a dominant contribution to the first broad peak at 180 • in Fig. 5(a) . This state produces a very prominent peak in the 14 C(α, n) reaction also, as can be seen in Fig. 11 The other 3 − state is at 9.70(1) MeV and has a width of 140 (10) keV. This state has a small dimensionless reduced α width, and therefore little influence on the elastic cross section. It is needed, however, to reproduce the neutron spectrum as is shown in Fig. 11 .
This state gives little contribution to the shape of the second peak at 180 The last state in this energy range is a very broad 0 + state at 9.9(1) MeV with partial α width of 3.2(8) MeV. A more detailed discussion of this state will be given in Section VI. Six resonances were used to fit this energy region and only one resonance has a dimensionless reduced α-width of more than 10% of an α single particle width. This region has well defined resonances and most of them can be seen as distinct peaks at 180 • in Fig 6(a) .
Two 3 − states were observed in this region and they are fairly obvious narrow peaks in the large c.m. angle data shown in Fig. 6 (a), at 10.11(1) and 10.395(9) MeV. They are also important resonances in the 14 C(α,n) spectra as can be seen in Fig. 11 . The widths of these states are 16 (5) and 70 (20) keV, respectively. These states have also been identified in previous works [23, 39, 46] . In [39] the width for both states was determined to be 45 (8) keV at 10.10(1) and 10.365(10) MeV. In [23] these states were at 10.111(5) and 10.400 (7) MeV with widths of 12 keV and 30 keV, respectively.
Two 2 + states were observed. The first 2 + is at 10.42(1) MeV and has a width of 180 (40) keV and it strongly interferes with its neighboring states. Its presence is needed to reproduce the minimum at 10. The second 2 + state is at 10.98(4) MeV and has a width of 280(130) keV. This state is weak in the 14 C(α,α) channel. However, due to its interference with a broad 2 + state at higher energy it helps to shape the cross section at 150
• at around 11 MeV.
A sharp 4 + state is observed at 10.290(4) MeV with a width of 29 (4) keV. This well known state is seen as the peak with a large cross section at 180
• ( Fig. 6(a) ) and has been observed previously in [23, 24, 28, 32-35, 37, 39, 47, 48] .
The last state in this energy region is a 1 − state at 10.80(3) MeV with a width of 690 (110) keV. This state is seen as the broad peak at 180
• shown in Fig. 6 
(a). At angles close to 118
• this state is needed to reproduce the minimum in the cross section shown in Fig. 6 (c). In Seven resonances were used to fit this energy region. Three of these resonances have α dimensionless reduced widths of more than 10%.
A 2 + state is observed at 11.31(8) MeV with a width of 250(100) keV. This state contributes to the first peak shown in Fig. 7 (a,b) mostly due to interference with a broad 2 + state at higher excitation energy. At angles close to 125
• the cross section for a 2 + state vanish having no effect on the cross section in Fig. 7 (c). The dashed curve in Fig. 7 represents the R-matrix fit without the inclusion of this state. A broad 2 + state at 11.39
MeV was suggested in [37] . (10) keV. This state is the main contributor to the peak shown in Fig. 7 (a,b) and was previously seen in [23, 24, 28, 36, 37, 39, 47] . It was suggested as a (4 + ) by [37] and later by [24] ; however, the width was not measured. In [39] it was found at 11.415(5) MeV with a width of 45 keV, which is in good agreement with our findings. In [23] this state was at 11.423(5) MeV with width of a 35 keV. This state is also visible in the 14 C(α,n) spectrum (Fig. 11) .
Two 3 − states were observed in this energy range. The first one is at 11.62(3) MeV and has a width of 150 (20) keV. This state is needed to reproduce the second peak in Fig. 7 (b). In [48] a state at 11.67(2) MeV with a width of 112 (7) at all the angles shown in Fig. 7 and is one of the states with a larger degree of clustering in this energy range with dimensionless reduced α-width of 0.17. In the 14 C(α,n) spectrum this state is seen as a broad peak (Fig. 11 ).
There is the well known 5 − state observed at 11.627(4) MeV with a width of 40 (5) keV.
It can be seen as the second peak in Fig. 7(a) , and it also contributes to the peak in Fig.   7 (c). It has no contribution to Fig. 7 all angles contributing to the shape of the second peak in Fig. 7 (a,b) and to the only peak seen in Fig. 7 (c). In [21] a 1 − state with α partial width of 220(100) keV was found at 11.56(10) MeV.
There is one 6 + state at 11.699(5) MeV with a width of 23 (2) keV. This state is the last peak seen in Fig. 7 (a) . It has a dimensionless reduced α-width of 0.23, and is recognized as the first strong 6 + α-cluster state. There is a strong interference between this state and another 6 + state found at a higher energy that was previously observed and identified as 6 + in [23, 24, 28, 37, 39] . The width of this state was determined to be 35(5) keV in [39] and 27 keV in [23] . This is an energy range with a higher density of states and strong interference among the states made this energy interval very challenging to fit. Twelve resonances were found and four of them have large dimensionless reduced α -widths.
Two 1 − states were observed. The first one is at 12.12(1) MeV and has a width of 410(120) keV. It contributes to the cross section of the first small bump seen in Fig. 8(a,b) .
A 1 − or 2 + was suggested by [48] for a state at 12.09(2) MeV. The width of this state was not determined in [48] . It was also seen and identified as 1 − by [21] at 12.12(10) MeV with a partial α-width of 22 (7) keV. The partial α-width that we observed for this state is 50 (10) keV in fair agreement with [21] . The other 1 − state is at 12.5(1) MeV and has a width of 900(400) keV. It is important at large c.m. angles to reproduce the right side of the first peak shown in Fig. 8 (a,b) . At smaller angles the interference of this state with other states brings the cross section down, making it possible to fit the rise of the cross section between 12.5 and 12.6 MeV (Fig. 8 (c) ). A 1 − state at 12.95(50) MeV was also observed in [21] with a partial α-width of 210(100) keV. Even though this state was found at a higher energy, our state is still within the error bars of [21] . The partial α-width determined in this work, 300(100) keV, is in good agreement with that determined in [21] . (4) keV. This state was suggested before in [23, 24, 28, 37, 39] . In [39] it was found at 12.317 (10) MeV with a width of 80 (10) A 4 + state was found at 12.542(4) MeV with a width of 6(3) keV. It is the second peak in Fig. 8 (a,b) . It helps to produce the dip and the left side of the first peak at 135 • ( Fig.   8(c) ). The 4 + strength was suggested before in [37] at 12.5 MeV but the width of this state was not specified. section in Fig. 8(c) . It was suggested before in [24, 28, 34, 37, 39, 47] . In [39] it was found at 12.527(10) MeV with a width of 32 (5) keV. This state was also observed in [23] but its width was determined to be only 24 keV. We have observed that the interference of this state with the 6 + state at 11.7 MeV significantly modifies the R-matrix parameters for both states and may be the main reason why the best fit width and excitation energy of this state in this work are different from those in [23, 39] . There is one 5 − state found at 13.08(1) MeV with a width of 180 (20) keV. It is a cluster state with a dimensionless reduced α-width of 0.17. It is needed to reproduce the peak at
MeV near 140
• in the c.m. (Fig. 9) . No other solution produced a good fit. to the complexities of the spectrum and the interference effects, the excitation energy of the 5 − state is shifted with respect to the transfer reaction data of [23, 26] .
Three 2 + states were observed. One is at 13.17(3) MeV and has a width of 150 (50) keV.
This state was introduced to fit the shape of the cross section for the first peak seen at all angles in Fig. 9 . The second 2 + state is at 13.38(2) MeV and has a width of 250(40) keV.
It can be seen as a peak shown in Fig. 9(a,b) . The last 2 + state is at 13.69(1) MeV with a width of 530(120) keV. This state shows up as the second bump in Fig. 9 (c).
One 1 − state is observed at 13.33(2) MeV with a width of 300 (130) keV. This is a very weak state in the 14 C(α,α) channel having a dimensionless reduced α width of less than 0.01. However, it improves the fit near 13.3 MeV.
There are two 4 + states in this energy range. The first one is at 13.46(2) MeV and has a width of 540(80) keV. This state contributes to the second peak seen on Fig. 9 (a,b) . It also interferes with other states bringing the cross section down at higher energies. The second 4 + state is at 13.89(1) MeV with a width of 24(10) keV. It is a very weak state in both the 14 C(α,α) and the 14 C(α,n) channels. It is introduced to reproduce the small bump seen in Fig. 9(a) .
A 5 − state was observed at 13.82(2) MeV. It is a weak state with a width of 25(6) keV.
It can be seen at 180
• as a small bump ( Fig. 9(a) (100) keV. This is a broad state with a dimensionless reduced α-width of 0.16. This state appears on the left side of the last peak in Fig. 10(a,b) . We used a 5 − state at 14.82 (7) MeV with a width of 140 (60) keV and a dimensionless reduced width of 0.07 to reproduces the right side of the last peak in Fig. 10 (a,b) . However, since this state is at the edge of the measured excitation energy range its parameters are very unreliable and should only be considered as an indication of 5 − strength at that energy.
A 2 + state was observed at 14.12(7) MeV with a width of 160 (60) keV. This state shapes the cross section for the first peak in Fig. 10 . (Fig. 10(a,b) ). Another strong 4 + state is at 14.77(5) MeV having a dimensionless reduced α-width of 0.28. This state corresponds to the last peak in Fig. 10(a,b) . These 4 + states make no contribution in Fig 10(c) since the cross section for a 4 + state at 150
• is zero.
H. Neutron Excitation Function
The 14 C(α, n) total reaction cross section data [30, 37] was used in the manual R-matrix analysis but not in the automated fit procedure. The total neutron cross section data for the excitation energy range of 8.1 MeV to 10.2 MeV was taken from [30] , and corresponding excitation energies above 10.2 MeV from [37] (see Fig. 11 ).
The absolute cross section was not measured in [30, 37] , and, in addition, the data from [37] was not corrected for energy variation of the detector efficiency and for neutron decays to the excited states of 17 O which also contribute to the total cross section. Therefore, we do not expect the fit to match the data perfectly and we only focused on the resonance structures and their relative strengths. In order to compare the neutron data with our fit the data points were normalized to the fit curve. The data and the R-matrix fit are shown in Fig   11 . The resonance structure for the (α,n) excitation function is reasonably well reproduced with most of the discrepancies seen at higher excitation energies. These discrepancies are either due to the fact that some of the resonances important for the neutron channel may be too weak in the 14 C(α,α) channel to be observed, or may be related to the neutron decay to the excited states of 17 O. This decay channel is not included in the curve shown in Fig.   11 . We calculated the total cross section for neutron decay to the first excited state of 17 O and verified that the gap between the R-matrix fit and the experimental data at 11 MeV the number of natural parity levels with known quantum characteristics (including tentative ones) given in compilation [46] . The number of investigated levels in this work is large, but this is not so surprising because resonance studies with the TTIK method (see, for example, [52, 53] ) as this techniques allows a broad range of excitation energies to be covered in a single run. However, this is the first time that data has been obtained in a broad angular interval and a complete R-matrix analysis performed for this large quantity of TTIK data.
The reliability of the experimental information extracted from the data is demonstrated by a detailed comparison with the previously known results and by a fair simulation of the (α,n) spectrum on the basis of the excitation functions for the elastic scattering. These data will be most useful in the development of theoretical tools that are capable of giving a microscopic description of clustering in non-self-conjugate nuclei. One example of such theoretical approaches is discussed in section V. In the following section (Sec. IV) we concentrate only on the states that have the highest degree of clustering, in an attempt to identify the members of α-cluster, inversion doublet, quasi-rotational bands. (60) 100 (40) 40(20) 0.07 *Partial α width. Predictions for α-cluster rotational bands in 18 O have been made in [54, 55] .The Generator Coordinate Method (GCM) was used in [54] [55] . The main difference between the two calculations was that in [55] clusters emerged as a result of nucleon-nucleon and threenucleon interaction while in [54] cluster configurations were assumed a priori. Three positive parity rotational bands are predicted in [54] , but only one of them has a distinct α+ 14 C(g.s.)
IV. ROTATIONAL BANDS IN
configuration, which this experiment is particularly sensitive to. Similar predictions were made in [55] .
Three members of the 14 C(g.s.)+α rotational band are below the energy range studied in this experiment as two of them are bound. A 6 + state predicted at an excitation energy of 11.6 MeV with a dimensionless reduced α-width of 0.15 [54] is observed in this work, in good agreement with the value of 0.23 determined for the 6 + state at 11.7 MeV. However, the situation is complicated by the fact that there is another 6 + state at 12.58 MeV that has an even larger dimensionless reduced α-width of 0.38. This almost equal splitting of α-strength between the two 6 + states is not predicted in [54, 55] . Another important discrepancy between the GCM calculations and the experimental data is the relatively large dimensionless reduced α-width for the 4 + state at 10.29 MeV (9%) which is at least one order of magnitude larger than that assigned to this state in [54] . This state was suggested to belong to the 14 C(2 + )+α rotational band and its 14 C(g.s.)+α dimensionless reduced α-width is predicted to be below one percent. As in the case of the 6 + state, we see that the α-strength is spread more evenly between several 4 + states, rather than concentrated in just one state.
Three negative parity rotational bands are suggested in [54] , but only one has a distinct 14 C(g.s.)+α configuration. We propose that the 1 − and 3 − states predicted at 9.6 and 9.8
MeV excitation energies, respectively, are associated with the strongly α-clustered states we observe at 9.16 and 9.39 MeV. This assignment of states is different from that proposed in [54] , but due to its large dimensionless reduced α-width, the 1 − state at 9. Again, there is a strong splitting of α-strength between these two states.
The 5 − state is predicted at 13 MeV as the most clustered state in the band with θ 2 = 0.6 [54] and would be the most dominant one in our spectrum. No such state was observed.
Instead, there are several 5 − states with substantial α-strength spread out over a 3 MeV energy interval between 12 and 15 MeV. Their combined α-strengths add up to 0.8. Again, this splitting of α-strength is not predicted by the GCM. Obviously, while some general properties of the cluster states are reproduced in [54] , the model missed the physics that determines the splitting of the α-strength. In the calculations done in [55] for the negative parity rotational band there is a large difference in the excitation energies of the 1 − and 3
−
states. It appears that there is a systematic shift in the location of the states. A splitting of α-cluster strength is predicted in [55] where it is related to proton excitation of the 14 C core, but only one of the states for each spin-parity should have a dominant α width. This is only partially correct. We do observe the splitting of the α-cluster states, and an obviously dominant state does not exist for 1 − , rather, there are two equally strong α-cluster states separated by only 600 keV. While some of the features predicted in [54, 55] is more complicated and cannot be described by a single pair of inversion doublet rotational bands. Our experimental results, and also hints from the Cluster-Nucleon Configuration
Interaction Model Calculations discussed in the next section, point to the importance of the (1s0d) 4 and (0p) 2 (1s0d) 2 configuration mixing for the positive parity α-cluster states.
We now focus on the discussion of the locations of the band head and other members of the negative parity inversion doublet, α-cluster, quasi-rotational band in 18 O. This question has a rich history and has been discussed in many theoretical and experimental papers (see [23] and refs. therein). The 1 − state at 8.035 MeV was proposed as the band head for this band in recent work of W. von Oertzen, at el. [23] and the same suggestion was made in [34] .
Our result excludes this state as a member of the 0 − band due to its small dimensionless reduced α-width (θ 2 = 0.02). In fact, none of the states identified in [23] as members of the negative parity inversion doublet (1 − (8.04 MeV), 3 − (9.7 MeV ), 5 − (13.6 MeV), 7 − (18.63
MeV)) can belong to this band except maybe a 7 − state that lies beyond the energy region studied in this work. The 3 − state at 9.7 MeV has θ 2 of only 0.04, an order of magnitude less than the 3 − at 9.3 MeV and the 5 − state at 13.6 MeV is not observed at all in this work, which rules out the assignment made in [23] .
It appears that the situation for the negative parity inversion doublet rotational band is similar to that for the positive parity inversion doublet. The α-strength is split among several states and it is not possible to identify a single, dominant α-cluster rotational band.
Configuration mixing is probably at work here as well. We discuss this in more detail in the next section.
As a short summary of this section, we note that the previous calculations for the α structure in 18 O were only partially successful. No clear evidence for inversion doublet rotational bands in 18 O was observed. Unlike in neighboring N = Z, even-even nuclei, 16 O and 20 Ne, the α-cluster strength is split among several states of the same spin-parity.
V. CLUSTER-NUCLEON CONFIGURATION INTERACTION MODEL CALCU-LATIONS
In order to gain further understanding of the structure of many-body states in 18 O and to examine the distribution of the α-cluster strength in 18 O we performed Cluster-Nucleon Configuration Interaction Model (CNCIM) calculations [19] , the approach can be summarized as follows.
First, the structure of the states of the 18 O nucleus is treated in the unrestricted p − sd configuration space with the effective interaction Hamiltonian from [56] . The p − sd shell gap is slightly adjusted by 100 keV. This small adjustment assures the best reproduction of nuclear spectra in this mass region. The matrix dimension for positive parity J z =0 magnetic projection is 42269424. Other dimensions are of similar order. The same approach is applied to obtain the wave function (WF) of the ground state of daughter nucleus 14 C. This WF is used to construct the 14 C(g.s.)+α channel.
Second, the WF of the α-particle is considered to be the lowest (0s) 4 translationallyinvariant four-nucleon oscillator function. Taking into account that the WF of the relative used to obtain four-nucleon structures and to calculate corresponding fractional parentage coefficients. The next step is the projection of the four-nucleon WF resulting from the discussed procedure onto the α-particle WF and the WF of its relative motion. It is per-formed by use of the so-called cluster coefficients, defined and expressed in [57] . Naturally the requirement of translational invariance is rigorously met for the WFs of the α-cluster channels. The relevant SU(3)-classified four-nucleon configurations include: (0p) 4 (4, 0); Third, the channels were orthogonalized and normalized by direct diagonalization of the norm-kernel in harmonic oscillator basis.
Formal details of the CNCIM can be found in Ref. [19] . The results of the calculations related to the energy range under study are summarized in Table II . The subsequent discussion is arranged in the following way. Positive parity states are discussed first going from the lowest spin to the highest. Then the negative parity states are discussed in the same order.
The two very broad resonances that have extremely large dimensionless reduced α-widths are discussed in section VI.
0 + states
The only 0 + level which was observed experimentally in this work is a very broad (Γ=3200 keV) state at 9.9 MeV. There are reasons to assume that the dominant nucleon configuration of this and the broad 2 + state at 12.9 MeV is (1p0f ) 2 (1s0d) 2 (10, 0). These states are not predicted by the CNCIM calculations restricted to the p-sd configuration space. The nature of these states and their properties are analyzed in section VI.
The CNCIM predicts most α-strength to be concentrated in two 0 + states: the ground state, and a state predicted at 4.64 MeV. This splitting of α-strength is due to the strong mixture of (1s0d) 4 (8, 0) [4] and (0p) 2 (1s0d) 2 (6, 0) [4] configurations. In the excitation energy region between 8 and 13 MeV, six 0 + states restricted to p-sd-shell configuration are predicted. All of them have small to moderate (0.02 ≤ SF α ≤ 0.14) α-strength. Taking into account that the cross section is proportional to (2J+1) and the fact that the angular distribution is isotropic, the weak 0 + states are easy to miss experimentally. Only three 0 + states were known experimentally before this work. All are bound. We believe that the highly clustered 0 + state, predicted by the CNCIM calculations corresponds to the 3.634
MeV state, that is known to be strongly populated in the ( 7 Li,t) reaction [58] , unlike the 
Overview of CNCIM
Overall, we can conclude that the CNCIM as it stands now provides an adequate description of α-clustering for many low-lying states. Unfortunately, many of these states, especially those with low spin are below the α-decay threshold, hence not accessible in this experiment.
In the limits where comparison is possible, the results appear to be encouraging. The total number of the calculated and observed positive parity states with large and moderate α-strengths are in reasonable agreement as well as some details of the positive parity spectrum.
It shows that the recent advances in configuration interaction techniques, which includes expanded computational capabilities, better theoretical understanding of phenomenological interactions, and a closer link to fundamental ab-initio and no-core approaches, make some treatment of clustering feasible.
The experimental results, however, also point to noticeable discrepancies, especially for the negative parity states. Truncation of the configuration space is the most likely reason for that. The p-sd model space turns out to be more or less adequate for the description of an essential part of positive parity states in the energy domain under study. It is not the case for the negative parity states. It is possible that the majority of the negative parity states above 8 MeV of excitation energy contain a significant component of particle excitations related to the sd → pf nucleon transfer which is not contained in the basis that was used for the calculations. Future model with extended valence space Hamiltonian should be able to overcome this limitation. Nevertheless, numerous improvements in the existing approach, including basis expansion, are possible (see discussion in Ref. [19] ).
A similar interpretation appears to be natural for the extremely broad positive parity states. The dominate component of these states is most likely the (1p0f )
configuration which is not present in the employed basis. The structure of these states, discussed in detail in the next section, may also be influenced by their strong continuum coupling through a so-called superradiance mechanism [59] . It is known that the structure of states that are strongly coupled to decay channels gets modified so that almost all the decay strength is concentrated in a broad super-radiant state, while other states become narrow [60, 61] . Due to the centrifugal barrier the effect is most noticeable for channels with low angular momentum partial waves. Here we investigate further the nature of these states. The reduced α-widths of these states are so large that we apply a simple α-cluster potential model that is known to work well for neighboring 16 O and 20 Ne [64, 65] . In this model the α-particle can be seen as a 
The prevailing 4-nucleon structures of the CNCIM with the corresponding SU(3) label (λ 0)
provide a guidance to the selection of these parameters.
To construct an effective interaction between the core and the cluster one could double fold the cluster and core mass densities, or use a parametrized potential shape. It is important to recognize that the Pauli exclusion principle does not generally allow for the cluster scattering to be represented as potential scattering. The corresponding Schrödinger equation must be generalized to include a norm operator. For our purposes, where the width is so large that the α is nearly completely excluded from the internal region the exclusion can be modeled by limiting the configuration space to a correct minimum number of nodes (N ) or by introducing a repulsive core which effectively blocks the excluded spatial region. The results were very similar for the potential with a core and without one. The details on the potential parameters are given in [45] . state [66] , after he obtained knowledge on the properties of the broad 0 + resonance at 9.9
MeV from [40] ). Evidently, more experimental effort is needed to verify or reject these speculations. It seems that the even more interesting question is the origin of these new and extreme α-cluster states.
Why does the α-cluster structure split at low excitation energies in 18 O, but appears to be pushed into one very highly clustered state in the region of a higher density of states? It could be related to the super-radiance phenomenon, described in [59] [60] [61] , or it can be because these states are so broad and their lifetime is so short that they decay before mixing with the nearby states can occur. Indeed, we are discussing properties of broad 0 + states close to the α-particle threshold. Realizing that the presence of the states in question could be a common feature in light nuclei, it is worthwhile to note that there has been no observations of broad cluster = 0 levels in nuclei with an odd number of nucleons. The search for α-cluster inversion doublet rotational bands in 18 O has been the subject of many experimental and theoretical studies (see for example [23, 34, 54, 55] and references therein), but the corresponding assignments remain controversial. We conclude that unlike for the N = Z, 16 O and 20 Ne nuclei, the α-strength is split about evenly between two or more states for each spin-parity and it is not possible to define inversion doublet rotational bands in the same sense as for 16 Assignment of the α-cluster rotational bands without any knowledge of the partial α-widths is dangerous. The most striking example is the assignment of the 0 − inversion doublet rotational band in [23] . The present work shows that all states in the 0 − rotational band suggested in [23] have α-strengths that are at least a factor of 10 smaller than the α-strength of the strongest cluster state with the corresponding spin-parity (except, maybe the for 7 − state that has an excitation energy too high to be populated in this study), which obviously excludes them from being members of the 0 − inversion doublet rotational band.
Broad, purely α-cluster 0 + and 2 + states at 9.9 MeV and 12.9 MeV were observed in 18 O. While these states were not predicted by any microscopic calculations, their origin is probably similar to the well known 0 + and 2 + broad states in 20 Ne at 8.7 and 8.9 MeV. The presence of broad, very clustered states could be a common feature in light nuclei.
Detailed spectroscopic information, including spin-parities, partial α-and neutron-decay widths and dimensionless reduced widths, was obtained for excited states in 18 O between 8.0 to 14.9 MeV in excitation energy. Experimental results are compared with existing theoretical models. While some features of the 18 O spectrum are reproduced by the models, it appears that the complete theoretical description of clustering phenomena in non-selfconjugate nuclei is still out of rich.
